Abstract In fluvial systems, organismic exposure to nonpoint source pollutants will fluctuate in frequency (exposure events), intensity (concentration), and duration. The reliance on lethal concentrations and static exposure in many laboratory studies does not adequately represent nor address exposure to in situ chemical plumes of fluvial habitats. To adequately address field exposure in a laboratory setting, one needs an understanding of the physics of chemical transmission within moving fluids. Because of the chaotic nature of turbulence, chemical plumes introduced to fluvial systems have a spatial and temporal microstructure with fluxes in chemical concentration. Consequently, time-averaged static exposure models are not ecologically relevant for the major reason of in situ distribution. The purpose of this study was to quantify in situ chemical distribution and dispersion within two physically different streams. Dopamine was introduced as a chemical tracer mimicking groundwater runoff. Chemical fluxes and stream hydrodynamics were simultaneously measured using a microelectrode and an acoustic Doppler velocimeter, respectively, at three heights of three downstream locations at each research site. Fine-scale measurements of the dopamine plume microstructure showed that organisms could be exposed to chemical fluctuations where concentrations are significantly greater than the overall time-averaged concentration. These measurements demonstrate that rather than relying on static exposure, standards for pollution must consider the concept of exposure being interdependently linked to flow of the fluid medium. The relationship between fluid dynamics, pollution exposure, and organism physiology are complex and must be evaluated in ways to mimic natural systems.
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Aquatic ecotoxicology has expanded rapidly during recent years due in part to the increased awareness of episodic exposure of aquatic biota to pollutants from nonpoint sources (Zhao and Newman 2006; Wang 2011) . Traditional ecotoxicology studies have relied on exposing individual organisms to a static concentration for a specified length of time (Ashauer et al. 2006; Diamond et al. 2006; Butcher et al. 2006; Gordon et al. 2012) . In addition, current ecotoxicity models and United States Environmental Protection Agency (USEPA) water-impairment criteria largely rely on deleterious effects of static exposure with reference to lethal concentrations [i.e., LC20, LC50 (USEPA 2004 (USEPA , 2013 ]. Yet these measurements that are collected from the field and referenced to use in static laboratory studies only allow a ''snapshot'' capture of a chemical concentration within a fluvial system. Exposure to pollutants from nonpoint sources will typically fluctuate in frequency (exposure events), intensity (concentration), and duration at various scales of interest. Consequently, deleterious effects are defined as interacting degrees of frequency, intensity, and duration (Gordon et al. 2012) .
Recent research has attempted to incorporate this episodic exposure paradigm to evaluate toxic effects of a chemical through modeling pulsed exposure events at various concentrations coupled with the recovery timing of organisms from deleterious effects Sandahl et al. 2006; Hoang et al. 2007; Earl and Whiteman 2009) . Laboratory studies have also focused on establishing specific sublethal concentrations of exposure at various time-averaged static concentrations with some behavioral or physiological end point measurement (Diamond et al. 2005 Earl and Whiteman 2009; Wang 2011) . However, as Ashauer et al. (2006) expressed, there is a generality of assuming a linkage between laboratory data, on which current exposure models are based, and real-time exposure in the field. Aquatic ecotoxicology research today is lacking any real time-series analysis of exposure at a high-resolution scale for greater ecological and biological significance. The reliance on time-averaged static exposure to concentrations in many laboratory studies is consequently not ecologically relevant in aquatic habitats for the major reason of in situ distribution.
Animal orientation behavior has elucidated the interdependency between hydrodynamics and chemical plume structure (Finelli 2000; Moore and Crimaldi 2004) . Chemical plumes are now widely accepted as having a ''patchy'' distribution rather than a stable gradient as previously predicted by time-averaged (Gaussian) models (Murlis and Jones 1981; Atema 1988, 1991; Finelli et al. 1999; Finelli 2000; Moore and Crimaldi 2004; Webster and Weissburg 2009; Wolf et al. 2009; Weissburg 2011) . The degree of patchiness and chemical dispersal is largely dictated by turbulence (Denny 1993; Vogel 1994) and is habitat specific Wolf et al. 2009 ). Unfortunately, much of our current knowledge about the dispersal of chemical plumes at a scale of ecological relevance is limited to pristine laboratory flume studies (Weissburg and Zimmer-Faust 1994; Finelli et al. 1999 Finelli et al. , 2000 Wolf et al. 2004 Wolf et al. , 2009 Sanford 1997) . Flume studies often limit the study of scalar transport for chemical exposure downstream because flow regimes are greatly influenced by the physical characteristics of the habitat (Roy et al. 2004; Buffin-Bélanger et al. 2006; Shen and Diplas 2008) . For example, gravel or cobble substrates contain elements of much greater roughness than sand substrates, which alters the degree and type of mixing (patchiness) associated with chemical plumes Wolf et al. 2009 ).
Chemical plumes moving through a lotic system are dispersed on substrates in response to the deterministic, chaotic flow at the benthic level (Moore and Grills 1999; Finelli 2000; Moore and Crimaldi 2004; Wolf et al. 2009 ). The turbulence created from the flow regime interacting with the physical characteristics of the habitat actively stir and mix a chemical constituent as the chemical plume evolves downstream with the unidirectional flow (Webster and Weissburg 2009 ). Mode of introduction will affect the in situ plume structure and subsequent exposure of an organism to a chemical downstream. A large percentage of anthropogenic chemical stream input occurs through subsurface runoff providing a linkage to the surrounding landscape.
The influx of precipitation water with different chemistry is coupled to the hydrology of the aquatic habitat (Li and Sivalpalan 2011) . Runoff pathways from the surrounding landscape are distinguished and established by various degrees of soil saturation with the interaction of flow path and travel time (Doležal and Kvítek 2004) . One subsurface pathway, known as ''interflow,'' comprises storm water soil infiltration with a high potential for chemical transport and reappearance in surface waters (Doležal and Kvítek 2004) . As defined by Flügel (1993) , interflow is the seepage of rainwater, which infiltrates and percolates through soil profiles, downslope into a river or stream. Moreover, this pathway can be identified as a shallow subsurface flow from a perched water table. Interflow is partitioned from other subsurface runoff by reaching the downslope body of water before entering the groundwater aquifer. In sloping hilly areas, interflow is also an important component of base-flow recharge within soils of high porosity (Barnett et al. 1972; Lehman and Ahuja 1985; Flt‹ gel and Smith 1999) . Hangen et al. (2001) and Doležal and Kvítek (2004) found interflow to be a major component in stream flow with contributions of B50 % to the water in a stream. In addition, investigators have used field studies to measure and describe the interflow mechanism responsible for carrying chemical compounds into lotic systems.
In particular, herbicide (Baker 1985; Pereira and Rostad 1990; Goolsby et al. 1997; Nga and Clegg 1997) and nutrient (Thome et al. 1993; Miller et al. 2005; Marcé and Armengol 2009; Tao et al. 2012 ) episodic runoff is directly tied to an interflow pathway occurring in highly intensive agricultural areas. Because storm water percolates through soil particles, fertilizer and pesticide compounds are cohesively bonded to water molecules and infiltrate soil profiles to enter an interflow runoff pathway. Chemical losses relative to landscape application can vary immensely from one runoff event to another with the highest levels occurring immediately after intensive rainfall. Yet even with current knowledge of input pathways and chemical plume dispersion, little is known about the time-series exposure parameters as they relate to chemical plumes from nonpoint sources entering from subsurface runoff and the hydrodynamics of a fluvial system. In addition, few studies exist in the current literature that attempt to address chemical pollutant fate in smaller fluvial systems (Ashauer et al. 2006) .
This study examined the relationship between interflow runoff and hydrodynamics of a fluvial system by characterizing in situ tracer plume properties. The focus was to characterize time-series exposure profiles available to organisms of fluvial habitats. We chose to examine finescale spatial and temporal plume characteristics using dopamine in two physically different first-order streams of Northern Michigan. We predicted that the physics of the habitat will result in differential exposure profiles with an intermittent and fluctuating concentration with varying degrees of frequency, intensity, and duration.
Methods

Study Sites
Flat 100-m sections of Carp Creek (Little Carp Lake River) (N45°32 0 55.96 W84°40 0 57.52) and Carp Lake River (N45°40 0 48.78 W84°48 0 50.58) in Emmet County, Michigan, USA (Fig. 1) were selected to examine the relationship between hydrodynamics and interflow chemical plume characteristics. These sections are composed of microhabitats with turbulent characteristics that influence benthic organisms as they forage for food, shelter, or mates (Westerberg 1991; Moore and Grills 1999; Wolf et al. 2009 ). Carp Creek has a fine sand substrate, whereas Carp Lake River is composed of cobble ranging from 0.09 to 0.20 m 2 in size. Both sites have consistent groundwater input throughout the entire course of each river. To help prevent the alteration of the turbulent structure of each river, streambed slope was consistent throughout the chosen section, and little to no debris was present.
Chemical Tracer Delivery Protocol
To imitate a potential pollution plume influx after heavy rainfall, we mimicked a single-bank interflow pathway of dopamine (Fig. 2) . At each site, five 0.6-cm (inner diameter) vinyl Tygon tubes were randomly buried 2.5 cm below the substrate in a 1.0 m 2 area and 1.0 m from the bank of the river. Tubing was attached to a peristaltic pump (Manostat, New York, Catalog No. 72 500 000) with a connected reservoir containing 6.52 mM dopamine at Carp Creek and 19.61 mM dopamine at Carp Lake River as a tracer element. Given the turbulent structure of Carp Lake River, the greater dopamine concentration ensured detection by the microelectrode (see Chemical Tracer Measurements). At both sites, dopamine was mixed with 0.1 M fluorescein for visual reference. The pump and reservoir remained stationary on the bank during data collection. Delivery of the electrochemical tracer began 15 s before data collection to allow dye and dopamine to reach the downstream sampling sites. Tracer elements were released from each Tygon tube at a rate of 50 ± 8.0 mL/min for a total release rate of 210-290 mL/min during the entire sampling period at each research site.
Sampling Protocol
To examine hydrodynamic influence on the dispersion of chemical plumes from interflow groundwater, we measured stream velocity in three different axes (upstream-downstream, cross-channel, and vertical) simultaneously with in situ chemical plume characteristics at the same temporal and spatial scales. Sampling locations were chosen to spatially evaluate how organisms are exposed to chemical fluctuations. Within each research site, sampling locations were aligned down the established plume centerline at 0.50, 1.0, and 1.5 m downstream of the defined input area. At each research site, sampling was performed at three heights above the substrate of each location comprising 18 total samples. Sampling was performed at heights of 2, 4, and 6 cm above the substrate (Fig. 2 ) to represent common habitat areas for benthic organisms. Sampling was performed at each height before instruments were moved to the next sampling location. Turbulence Measurements
An acoustic Doppler velocimeter (ADV) (Nortek, AS, Rud, Norway) was used to capture a three-dimensional (3D) velocity profile at each sampling site. An ADV consists of an acoustic sensor with one transmit transducer and three receive transducers. The three receive transducers are mounted around the transmit transducer at 120°azimuth intervals. As acoustic beams are transmitted, the receive beams intercept the transmit beam. Interception of the three receive beams with the transmit transducer, in combination of the transmit pulse, define the sampling volume. Understanding the operation of the ADV was important to establish a height above the substrate. To set a sampling height, the ADV probe continually scanned the region in front of the probe tip for a solid or boundary surface while simultaneously measuring the distance from the sampling volume. The ADV probe, attached to a camera tripod, remained stationary during sampling with legs of the tripod positioned and fixed in a manner to prevent any interference with the upstream flow. An adjustable tripod center column allowed the probe to be set at different heights. A sampling rate of 25 Hz was used to have a spectrum range sensitive enough to calculate Kolmogorov (g) energy-dissipation properties of both research sites. Velocity characteristics were also measured to calculate roughness Reynolds (Re), g, and Batchelor microscale (g s ) values for each respective research site (see Flow Data Analysis).
Chemical Tracer Measurements
Dopamine was measured with a carbon fiber, graphite epoxy-style microelectrode (in-house) coupled with an Epsilon electrochemical detection system (Epsilon; Bioanalytical Systems, West Lafyette, Indiana, USA). The microelectrode was constructed with three 30-lm carbon fibers at the tip and attached at the same level of the ADV sampling volume for simultaneous electrochemical data collection. At both research sites, DC potential amperometry was used with an initial voltage set to 500 mV and a noise filter of 100 Hz. During sampling, the electrode was set to sample at a rate of 20 Hz to provide a frequency range and chemical spectrum common to benthic organism sensory systems (Moore et al. 1989; Moore and Shao 2000; Kozlowski et al. 2003; Wolf et al. 2009 ). Calibration of the microelectrode was performed with a series of known dopamine concentrations (25-250 lM) made with water from each respective research site to obtain a highly linear relationship with measured electrical output. The regression allowed conversion of electrical current recorded by the Epsilon system to micromolar dopamine concentrations measured in each chemical spectrum of each sampling point where Y is the current recorded and X is the concentration. After calibration, we standardized concentrations for comparison between sites by dividing the converted micromolar concentrations of collected timeseries data by the original source concentration. 
Flow Data
Velocity-depth profiles collected from the ADV were analyzed with Explore V (Nortek, AS, Rud, Norway) to obtain velocity averages and power spectrum densities. Threedimensional (upstream-downstream, cross-stream, and vertical) time-series data collected for each height and distance downstream were used to calculate density spectrums to break down the chaotic turbulence to observe energy distribution across different frequency ranges (Wolf et al. 2009 ). An autocorrelation function was constructed using Fourier transformation to break down the complex density spectrum into pure sine waves with different frequencies and amplitudes to see the underlying fluctuations within the spectrum. Through spectral analysis we incorporated calculation of the g, Re, and g s microscales as described in Sanford (1997) . For all three microscales, the frictional velocity (U * ) over the sand and cobble substrate was determined through a log-linear regression of velocity profiles with height against measured flow speed (Moore et al. 1994; Hart et al. 1996; Wolf et al. 2009 ). The slope from the linear portion of each plot was then used to calculate U * as:
where s x is the shear stress observed from the regression at the benthic sublayer, and q is Carp Creek or Carp Lake River water density (Moore and Crimaldi 2004; Wolf et al. 2009 ). To have an aggregate measure of turbulence at Carp Creek and Carp Lake River, we calculated the Re number as a ratio of inertial and viscous forces as follows:
Substrate type is equal to D, and t is equal to the kinematic viscosity (0.01 cm 2 /s) of Carp Creek and Carp Lake River. The rate of energy dissipation (e) was then calculated as follows:
where k is von Karman's constant (0.41), and z represents height above the substrate. Energy dissipation (e) was used to calculate both g and g s microscales of Carp Creek and Carp Lake River. The g,
was the smallest eddy structure present (Sanford 1997; Moore and Crimaldi 2004; Wolf et al. 2009 ). Similarly, the g s ,
incorporates molecular diffusivity to describe the smallest chemical structures present (Moore and Crimaldi 2004; Wolf et al. 2009 ). The g s value provides a measurement of the smallest distance required to have a chemical concentration (''patch'' structure) change at each location (Wolf et al. 2009 ) where D S is the molecular diffusivity of dopamine (2 Â 10 À5 cm 2 =s:)
Chemical Plume Data
Because an average concentration value is often a poor indicator of chemical plume characteristics due to neglecting the fluctuating plume structure and real-time exposure available for organisms , electrochemical data were evaluated through a timeseries analysis. Evaluation of fine-scale temporal chemical plume characteristics is imperative to understand how organisms are exposed at a high resolution for greater biological and ecological significance (Wolf et al. 2009 ).
Organisms are equipped with sensors to experience and be exposed to chemical plume characteristics most prevalent to their life history (Wehner 1987; Vickers et al. 2001 ).
To observe chemical plume parameters most relevant to exposure by an organism Atema 1988, 1991; Moore and Grills 1999; Wolf et al. 2009 ) within each timeseries, temporal aspects of chemical spectrums were characterized and broken down into chemical pulses (bursts) with an in house program. Chemical peaks (pulses) within each fluctuating time-series chemical spectrum were recognized when concentration values above a designated threshold decreased below 40 % of the previous pulse and increased again. Intermittency (off-time between pulses), peak height (maximum concentration), peak length (duration of peak concentration), and slope (maximum) of each pulse were calculated. Intermittency provides a relative measure of how organisms are repetitively exposed to concentrations that highly influence the nervous system (Moore et al. 1989; Moore and Grills 1999; Wolf et al. 2009 ). Peak height provides a maximum exposure concentration at any instantaneous moment in time, whereas maximum slope of each peak empirically provides insight into how quickly an organism can be subjected to changes in chemical concentration. Furthermore, a peak-to-mean ratio was calculated by dividing each chemical pulse identified by the in-house program in the chemical spectrum by the mean concentration of that chemical spectrum. Differences in maximum peak height, peak slope, peak-to-mean ratio, peak length, and intermittency in our study stream sections, along with interaction of location, sampling height, and distance from the input area, were evaluated using three-way factorial multivariate analysis of variance (MANOVA, Statistica version 10; Statsoft Inc., Tulsa, OK) with Fisher least-significant differences (LSD) post hoc test.
Results
Hydrodynamics
Velocity Profiles
Mean 3D (stream-wise, cross-stream, and vertical) velocity profiles showed contrasting flow patterns at Carp Creek and Carp Lake River. Differences in the 3D flow fields were observed in power spectra of both sites (Fig. 3) . Timeseries analysis showed that Carp Lake River exhibited greater spectral density fluctuation than Carp Creek at all heights above the substrate. This difference in the spectral density function increased as height above the substrate increased (Fig. 3) . In addition, Carp Lake River exhibited a greater energy dissipation rate (e) ( Table 1) . Calculated g and g s microscale values were greater at Carp Creek than at Carp Lake River. *U was greater at Carp Lake River than Carp Creek (0.199 and 0.242 cm/s, respectively), and *Re was greater at Carp Lake River than Carp Creek (Table 2) .
Fine-Scale Plume Structure
Overall, fine-scale measurements of the dopamine plume microstructure differed significantly between Carp Creek and Carp Lake River (MANOVA, F 32,10398 = 73.12, p \ 0.0001).
Peak Height
As a percent dilution to standardize comparisons between each research site, six of the nine sampling locations showed significantly greater peak height at Carp Lake River compared with Carp Creek (Fisher LSD post hoc, p \ 0.001). Five of these significant differences were located at sampling points 6 and 4 cm above the substrate (Fisher LSD post hoc, p \ 0.001) (Fig. 4) . Carp Creek peak height was significantly greater than Carp Lake River at the location nearest the chemical source area 2 cm above the substrate (Fisher LSD post hoc test, p \ 0.001). No significant difference was observed at one point farther downstream (150 cm) nearest the substrate (2 cm) (p [ 0.05).
Slope
Similar to peak height, maximum peak slope was significantly greater at Carp Lake River than Carp Creek at eight Fig. 3 Power spectral analysis of time-series flow velocity data at 2, 4, and 6 cm of Carp Lake River (black) and Carp Creek (gray), Emmett Co, Michigan, USA. Univariate spectral analysis was performed with a Fourier transformation autocovariance function smoothed with a technique of Tukey weighting and adjacent averaging of the nine sampling locations (Fisher LSD post hoc, p \ 0.001) (Fig. 4) . Sample points 100 cm downstream of the source area showed significantly greater slopes at Carp Lake River (mean 638.4 ± 73.3 lM/s) than at Carp Creek (mean 49.9 ± 80.8 lM/s) (Fisher LSD post hoc, p \ 0.001). The only location that was not greatest at Carp Lake River was farther downstream (150 cm) of the source area and nearest the substrate.
Peak-to-mean Ratio
As a measure of percent exposure, pulses increasing above each spectrum average were significantly greater at Carp Creek (mean 562.6 ± 11.0 %) than at Carp Lake River (mean 177.3 ± 9.1 %) (Fisher LSD post hoc, p \ 0.001) (Fig. 5 ). Pulses increasing above the average concentration near the source area were significantly greater at Carp Creek (1,040.6 ± 19.1 %) compared with Carp Lake River (162.2 ± 11.8 %) (Fisher LSD, p \ 0.001). In addition, Carp Creek maintained a significantly greater peak-tomean ratio near the substrate at all distances from the input area (Fisher LSD post hoc, p \ 0.0001). Farther downstream, sample points at 4 and 6 cm above the substrate, peak-to-mean ratio was not significantly different between sites (p [ 0.05).
Intermittency
Contrary to peak height, intermittency was significantly longer at Carp Creek compared with Carp Lake River at Fig. 4 (columns) Mean standardized peak height, maximum peak slope of pulses measured, and percent time dopamine concentrations increased above the average concentration within each time-series collected at 50, 100, and 150 cm downstream of the input area at 2, 4, and 6 cm (rows) above the cobble and sand substrates of Carp Lake River (black bars) and Carp Creek (gray bars), respectively. Threeway factorial MANOVA with Fisher LSD post hoc test was used to evaluate significant differences at heights and distances across each river. Asterisks signify differences between rivers Arch Environ Contam Toxicol (2014) 67:413-425 419 seven of the nine sampling locations (Fig. 5) , including all points 4 and 6 cm above the substrate (Fisher LSD post hoc, p \ 0.001). Carp Creek showed longer intermittency at one sampling point 2 cm above the substrate (Fisher LSD post hoc, p \ 0.001). In addition, nearest to the chemical source area, Carp Creek intermittency increased significantly as the probe was increased to greater heights above the substrate, whereas Carp Lake River showed no such relationship (Fisher LSD post hoc, p \ 0.01).
Peak Length
Peak length was significantly longer at Carp Lake River than at Carp Creek at four of the nine sampling locations (Fisher LSD post hoc, p \ 0.003) (Fig. 5) . Differences in peak lengths were observed farther downstream because Carp Lake River exhibited a significantly longer peak length than Carp Creek near the substrate (Fisher LSD post hoc, p \ 0.001). In addition, at a sampling distance of 100 cm, peak length at Carp Lake River (mean 0.889 ± 0.028 s) was significantly longer at all heights than at Carp Creek (mean 0.432 ± 0.031 s) (Fisher LSD post hoc, p \ 0.001). Near the chemical source, peak length was not significantly different between sites (p [ 0.05).
Time Above Average
The amount of time spent above the average concentration was overall highest at Carp Lake River (Fig. 4) . Calculated Fig. 5 Ratio of each chemical pulse to average spectrum concentration, mean intermittency of chemical pulses, and mean peak length measured within each time series at 50, 100, and 150 cm downstream of the input area at 2, 4, and 6 cm (rows) above the cobble and sand substrates of Carp Lake River (black bars) and Carp Creek (gray bars), respectively. Three-way factorial MANOVA with Fisher LSD post hoc test was used to evaluate significant differences at heights and distances across each river. Asterisks signify differences between rivers as a percentage, time spent above the average within Carp Lake River ranged from 38 to 43 %, potentially indicative of long and low to moderate exposure. Conversely, the percent of time spent above the average at Carp Creek varied considerably from 13.8 % near the source area to 25.2-41.7 % farther downstream, potentially indicative of shorter, yet extremely intense exposure periods when compared with Carp Lake River.
Discussion
This study examined the relationship between interflow runoff and hydrodynamics of a fluvial system by characterizing tracer plume properties. Fine-scale characteristics of the spatio-temporal microstructure of the dopamine tracer plume were significantly different between Carp Creek and Carp Lake River, two fluvial systems with fundamentally different microhabitats. Differences in plume characteristics were evidenced by greater peak height, longer peak length, and greater slopes of those peaks at Carp Lake River than at Carp Creek. Conversely, intermittency and peak-to-mean ratios were consistently greater over the sand substrate of Carp Creek than over the more complex gravel and cobble substrate at Carp Lake River. Differences in chemical plume characteristics were most likely due to differences in the physical hydrodynamics of the habitat (Webster and Weissburg 2009; Wolf et al. 2009 ). Flow field characterization (spectral density, *U, e and *Re) showed a greater degree of turbulence at Carp Lake River than at Carp Creek. Furthermore, larger g (eddy size) and g s microscales (distance for chemical change) were calculated at Carp Creek. Taken together, these flow and plume characteristics indicate less mixing and more bulk advection at Carp Creek, whereas greater levels of turbulent advection and mixing were observed at Carp Lake River. This would explain the increased background average (denoted by the lesser peak-to-mean ratio) of Carp Lake River. Furthermore, this interdependent linkage between chemical plumes and hydrodynamics has increased our understanding of the fine-scale transmission of chemicals in aquatic habitats.
Chemical Plumes and Hydrodynamics
Research on animal orientation behavior in organisms has elucidated the linkage between hydrodynamics and chemical plume structure (Dodds 1990; Weissburg and Zimmer-Faust 1994; Zimmer-Faust et al. 1995; Finelli et al. 1999 Finelli et al. , 2000 Moore and Grills 1999; Crimaldi et al. 2002; Weissburg et al. 2002; Kozlowski et al. 2003; Webster and Weissburg 2009; Weissburg 2011) . As a result of the interdependent linkage between chemical plumes and hydrodynamics, we have dramatically shifted our approach to understanding fine-scale chemical transmission in aquatic habitats Finelli 2000; Moore and Crimaldi 2004) . Chemical dispersion was initially described using statistical Gaussian principles as a homogenous mixture of a chemical within a plume that organisms can use for orientation Wright 1958; Bossert and Wilson 1962) . These dispersion models came with a large caveat of assuming neutral atmospheric stability for a normally distributed gradient of chemical for organismic exposure downwind. In addition, Gaussian models only predicted time averaged downwind concentrations based on diffusion coefficients . These concentrations were found to be grossly underestimated by a time-averaged model (Wright 1958; Shorey 1976; . Similarly in unidirectional fluvial habitats, chemical plume characteristics are not accurately predicted by a Gaussian based model. Exposure defined through Gaussian principles is underestimated when incorporating the relevant spatial and temporal scales at which behavior and physiology operate (Bossert and Wilson 1962; Murlis and Jones 1981; Moore and Atema 1988; Moore et al. 1989; Finelli et al. 2000; Moore and Crimaldi 2004) . Any resident organism will likely be exposed to an intermittent chemical plume with widely varying degrees of intensity over temporal periods Finelli 2000; Webster and Weissburg 2009; Weissburg 2011) . Turbulent structures (i.e., eddy currents) stir and mix a chemical plume. Any turbulent structure larger than a patch of chemical will simply move (stir) the patch downstream. Conversely, any turbulent structures the same or smaller in size to a chemical patch will intersperse chemical filaments with non-chemical-containing water filaments (Weissburg 2011) . With nonpoint source pollutant entry commonly occurring over a stretch of riparian area, these general hydrodynamic and subsequent plume structure concepts can be widely applicable at different spatial scales (i.e., stretch of stream). Results of this study exemplify a greater turbulent environment produces an exposure situation that is highly fluctuating and chaotic in frequency, duration, and intensity. Moreover, the time and distance traveled downstream to chemical dilution below some physiological threshold may be decreased in highly turbulent systems because of increased mixing. This concept of a heterogeneous composition of turbulent chemical plumes has been lacking a relevant connection to a large amount of the environmental ecotoxicology research and definitions of exposure that must be incorporated for adequate linkage of laboratory studies to natural habitats.
A New Concept of Exposure
How exposure is defined will dictate the scale of interest and perception of ecotoxicity in aquatic organisms. Currently, the USEPA uses a deterministic and probabilistic approach when sources of anthropogenic pollutants are involved. A deterministic approach compares static toxic effect levels (e.g., LC50) with an estimated environmental concentration. A probabilistic approach provides a distribution or range of concentration values to predict the deleterious intensity of a particular pollutant (USEPA 2004 (USEPA , 2007 ). Yet, as previously stated, deleterious exposure can be defined as interacting terms of intensity, frequency, and duration (Gordon et al. 2012) .
Recent literature has attempted to incorporate these interacting terms through the use of pulsed exposures to mimic an episodic influx coupled with subsequent recovery time (Milne et al. 2000; Reinert et al. 2002; Diamond et al. 2005 Zhao and Newman 2006 Sandahl et al. 2006; Chen et al. 2012) . These studies have focused on specific sublethal exposure of an organism to a toxin at various time-averaged, static concentrations with some behavioral or physiological end point measurement(s) (Diamond et al. 2005 Earl and Whiteman 2009; Wang 2011 ). However, non-point source runoff is more often temporally episodic in nature resulting in concentrations that already fluctuate in frequency, intensity, and duration with variable toxic effects (Diamond et al. 2005; Gordon et al. 2012) even without the aforementioned hydrodynamic influence on a chemical plume. Given this, we have a great opportunity in place to parse out exposure to pollutants from non-point sources from a mechanistic perspective by considering the spatio-temporal gradient within an ecosystem (Clements et al. 2012 ).
Time-Series Exposure
In any field fluvial system, concepts of total exposure need to incorporate some intensity (i.e., peak height, peak-tomean ratio), time (i.e., slope, peak length, time above average) and an interaction of intensity and time (frequency). Each habitat sampled in this study had hydrodynamic traits that created unique plume characteristics. Time and intensity parameters were shown to vary independently at Carp Lake River and Carp Creek habitats. Taken as such, exposure defined under older Gaussian and static concepts show a different picture than a more ecologically relevant concept of exposure that incorporates intensity and time parameters at these finer scales. For example, a measure of exposure or habitat pollution defined only by a Gaussian model of intensity would indicate that Carp Lake River had greater concentrations of dopamine. Yet, a more relevant model that included peak height comingled with peak length would determine that both pollution plumes modeled here had approximately equivalent exposure danger for their respective habitats. Furthermore, a different intensity characteristic, such as peak-to-mean ratio, comingled with peak length may show a significantly more intense exposure scenario at Carp Creek than at Carp Lake River.
Time-average models are poor predictors of animal behavior and, by extension, poor predictors of physiological responses. Within natural systems (and shown by these data here), intense fluctuations in concentrations of toxins are the most common form of natural exposure. Simple changes in the intermittency of an exposure paradigm have been shown to significantly alter the survival of amphipods (Ashauer et al. 2006 ). Given our findings, this means that given the same source concentration of toxin, release of toxins in Carp Creek would have a greater impact on the aquatic ecosystem than an identical exposure in Carp Lake River. Similar findings have been found for fish and invertebrates (Handy 1994 ). Thus, measurements of peak height and intermittency are essential to connect these laboratory studies with natural exposure.
Within the concept of exposure, organisms will likely have different tolerance levels with the interaction of time, intensity, and frequency (Diamond et al. 2005; Hoang et al. 2007; Earl and Whiteman 2009; Wang 2011) . One organism may be more tolerant to certain chemical ''patches'' (concentrations in space) but not in a temporal fashion and vice versa, i.e., an organism may be more or less tolerant to short, extremely intense chemical bursts (relative to the mean) when experiencing a patch of chemical such as that seen at Carp Creek. Conversely, an organism may be more or less tolerant to long, low intense exposures (relative to the mean) as we observed at Carp Lake River. Research has shown intensity to be the major determinant of toxicity because concentrations exceed some tissue burden threshold (Pynnonen 1990; Gordon et al. 2012) . Repetitive pulsed exposure has also been shown to have widely variable effects with exposure time GamaFlores et al. 2006; Bearr et al. 2006; Hoang and Klaine 2008) . Morphological differences, such as gill surface area (Peterson et al. 2001) , chemical ability of binding to epithelial tissues (Mirza et al. 2009 ), and metabolic and excretion rates, have also been suggested for response differences between organisms in pulsed exposure studies. The symptomology of deleterious effects for exposures modeled within this study are difficult to interpret because organismal impact is widely variable and difficult to predict.
Just as physiological systems (sensory) have evolved to be efficient in microhabitats (Endler 2000; Vickers et al. 2001 ) selective pressures can arise if these same systems become impaired from fluctuating exposures. Due to this complex relationship between fluid dynamics, pollution exposure, and organism physiology, the argument for use of flow-through systems in the laboratory has increased and is preferred over static-exposure paradigms (Welsh et al. 2008) .
Flow-through systems, although less cost-effective than static-exposure tests, provide greater control of pollutant concentrations and natural applicability to fluvial habitat conditions than static-exposure tests. Static tests have been found to underestimate the toxicity of copper in rainbow trout compared with flow-through systems (Welsh et al. 2008) . Furthermore, when ecotoxicology data are available from both static and flow-through tests for the same chemical pollutant, results of the static test are typically discounted (Welsh et al. 2008; Stephan et al. 1985) . In addition to flowthrough systems, focus to overcome episodic challenges has shifted in recent years to incorporate greater temporal resolution as described in this study (Gordon et al. 2012) . Microfluidic field technology and autonomous instruments are progressing with measurements that use small volumes of water with increased sampling frequency. These instruments are increasing in demand to provide reliable data and are already in use in monitoring effluent wastewater (Glasgow et al. 2004; Cleary et al. 2013 ).
Microfluidic technology is at the forefront of adapting the idea for real-time exposure presented within this field study. Microfluidic sensory systems are showing promise because they have the capacity for greater measuring frequency of eutrophic constituents (i.e., phosphate, nitrate, pH, etc.) for in situ systems (McGraw et al. 2007 ). The minute, hourly, and daily measurement frequency allows capture of smaller-scale temporal variations important for organismic exposure that provides more information than static sample-based (time-averaged) measurements (Glasgow et al. 2004; Korostynska et al. 2013; Cleary et al. 2013 ). Yet, data presented in this field study show that there is still potential to move further down in scale. We have the capacity to evaluate instantaneous exposure within an episodic runoff event to real-time exposure that, from a sensory standpoint, is more biologically relevant. Future development of real-time, autonomous instruments should be eventually integrated with other physiochemical sensors for hydrodynamic influences and pesticides or breakdown products thereof. Furthermore, laboratory incorporation of microfluidic sensor technology in conjunction of flow-through systems will greatly ameliorate the field application of ecotoxicity laboratory studies.
Conclusion
Ecotoxicity from exposure is organism and chemical dependent, but it is also a measure of plume dispersion. To improve exposure predictions, measurements and subsequent water-quality impairment criteria within natural aquatic habitats and the spatio-temporal gradient within environments must be examined. This field study showed the ability to collect fine-scale dispersal data of an in situ chemical plume through mimicked interflow runoff. Through fine-scale measurements, we can move forward to gain important knowledge of pollution plume movement through aquatic systems that contain a hydrologic link to the surrounding landscape. Future studies will be able to incorporate exposure and specific ecotoxicity parameters with an understanding of plume distribution for greater biological relevance. Subsequently, fine-scale intensity and time parameters will enhance water impairment criteria to better represent deleterious exposure to a variety of organisms. The relationships between fluid dynamics of fluvial systems, pollution exposure, and organism physiology are complex, context dependent and must be evaluated, if not in the field, through mimicking natural habitats in flow-through systems.
